Sox9 has essential roles in endochondral bone formation during axial and appendicular skeletogenesis. Sox9 is also expressed in neural crest cells, but its function in neural crest remains largely unknown. Because many craniofacial skeletal elements are derived from cranial neural crest (CNC) cells, we asked whether deletion of Sox9 in CNC cells by using the Cre recombinase͞loxP recombination system would affect craniofacial development. Inactivation of Sox9 in neural crest resulted in a complete absence of cartilages and endochondral bones derived from the CNC. In contrast, all of the mesodermal skeletal elements and intramembranous bones were essentially conserved. The migration and the localization of Sox9-null mutant CNC cells were normal. Indeed, the size of branchial arches and the frontonasal mass of mutant embryos was comparable to that of WT embryos, and the pattern of expression of Ap2, a marker of migrating CNC cells, was normal. Moreover, in mouse embryo chimeras Sox9-null mutant cells migrated to their correct location in endochondral skeletal elements; however, Sox9-null CNC cells were unable to contribute chondrogenic mesenchymal condensations. In mutant embryos, ectopic expression of osteoblast marker genes, such as Runx2, Osterix, and Col1a1, was found in the locations where the nasal cartilages exist in WT embryos. These results indicate that inactivation of Sox9 causes CNC cells to lose their chondrogenic potential. We hypothesize that these cells change their cell fate and acquire the ability to differentiate into osteoblasts. We conclude that Sox9 is required for the determination of the chondrogenic lineage in CNC cells.
T
he vertebrate neural crest is a population of multipotential stem cells that are precursors of several different cell lineages. The branchial arches and frontonasal mass are populated by cranial neural crest (CNC) cells, which originate in the rhombomeres from the lateral ridges of the neural plate, delaminate, and migrate along defined pathways. These cells then differentiate into a variety of cell types, including chondrocytes, osteoblasts, and odontoblasts of the teeth (1, 2) . Previous in vivo studies using techniques of laser ablation, generation of chicken͞ quail chimeras (3) , and cell labeling with a vital dye (4, 5) resulted in a precise fate mapping of CNC cells. Although several transcription factors have been suggested to play important roles in establishing cell lineages (6) (7) (8) , the molecular mechanisms underlying the specification of cell lineages and the determination of cell fate in CNC cells remain unclear.
The components of the craniofacial skeleton originate from either somitomere or the neural crest, except for a part of the occipital bone. Each bone forms through one of two distinct modes, endochondral or intramembranous bone formation. In endochondral bone formation, condensed mesenchymal cells differentiate into chondrocytes, which subsequently proliferate, hypertrophy, and then calcify their extracellular matrix. At the same time, cells in the perichondrium surrounding the cartilage anlagen differentiate into preosteoblasts and then functional osteoblasts, which replace the calcified cartilage by a bone matrix. In intramembranous ossification, the cells in mesenchymal condensations differentiate directly into osteoblasts and lay down osteoid tissue. CNC cells contribute to both pathways during craniofacial development, but the lack of genetic markers hampers a comprehensive analysis of the molecular basis of these cell lineages.
Sox9, a member of the Sox family of transcription factors, has been shown to regulate both chondrogenesis and sex determination. During embryogenesis, Sox9 is expressed in all chondroprogenitors and differentiated chondrocytes except hypertrophic chondrocytes (9, 10) , and it plays essential roles in sequential steps of endochondral bone formation (11) . Mutations in one allele of Sox9 in humans result in campomelic dysplasia (CD), a skeletal dysplasia syndrome characterized by sex reversal and skeletal malformations of endochondral bones (12, 13) . Sox9 heterozygous mutant mice exhibit abnormalities of craniofacial skeletal elements derived from CNC cells that resemble those of CD patients (14) . Indeed, the fact that Sox9 is expressed in CNC cells raises the possibility that Sox9 may have a function in these cells.
In this study, we conditionally inactivated the Sox9 gene specifically in neural crest cells by using the Cre recombinase͞ loxP (Cre͞loxP) recombination system with mice harboring the Wnt1-Cre transgene. Sox9 conditional null mutant embryos had no endochondral skeletal elements derived from CNC cells. However, intramembranous ossification occurred normally, including formation of the mandible. In addition, our experiments suggest that Sox9-null mutant CNC-derived cells change their chondrogenic cell fate into an osteoblast lineage.
Materials and Methods
Generation of Sox9 Mutant Mice. Mice carrying Sox9 flox , a Sox9 allele in which the DNA segment that includes exons 2 and 3 was flanked by loxP sites (Sox9 flox/WT ), were a generous gift from Andreas Schedl and Marie-Christine Chaboissier (University of Nice, Nice, France) (11) . Chimeras derived from embryonic stem (ES) cells with lacZ genes inserted in both Sox9 null alleles and Sox9 heterozygotes were generated as described (14, 15) . The Wnt1-Cre transgenic line was used to produce neural crest-specific inactivation of Sox9 (16) . In a first cross, Wnt1-Cre transgenic mice were mated with Sox9 flox/WT mice. The offspring inheriting Wnt1-Cre and a floxed allele were then mated with Sox9 flox/WT mice to obtain embryos harboring the Wnt1-Cre transgene together with two Sox9 floxed alleles. Embryos were genotyped by PCR on DNA obtained from the yolk sacs or skin by using the following primer pairs for Cre and Sox9 flox : 5Ј-TCCAATTTACTGACCGTACACCAA-3Ј and 5Ј-CCT-GATCCTGGCAATTTCGGCTA-3Ј, and 5Ј-GTCAAGCGAC-CCATGAACGC-3Ј and 5Ј-TGGTAATGAGTCATACACAG-TAC-3Ј, respectively.
Embryonic Analysis. For histological analyses, embryos were fixed with 4% paraformaldehyde, embedded in paraffin, sectioned to 7 m, and stained with either alcian blue and nuclear fast red or von Kossa reaction and nuclear fast red. Skeletal preparations were performed on E18.5 embryos as described (17) . Immunohistochemical staining of Sox9 was performed by using peroxi-dase chromogens (Zymed)͞TrueBlue substrate (Kirkegaard & Perry Laboratories) with rabbit polyclonal anti-Sox9 antibody (1:150). Apoptosis was visualized on paraffin sections by terminal deoxynucleotidyltransferase-mediated dUTP nick endlabeling (TUNEL) analysis, using an ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (Intergen, Purchase, NY) and following the manufacturer's protocols. RNA in situ hybridization analyses were carried out as described (18) . The probes were as described (10, 19, 20) . Pictures of hybridization signals were taken with a red filter and superimposed with blue fluorescence images of cell nuclei stained with the Hoechst 33258 dye.
Results
Generation of Sox9 Conditional Null Mice. To inactivate Sox9 in neural crest cells, compound heterozygotes carrying both a Sox9 floxed allele and the Wnt1-Cre transgene were generated by using the mating scheme described in Materials and Methods. Most Sox9 flox/WT heterozygotes that harbored the Wnt1-Cre transgene were viable and developed into fertile mice with almost normal lifespans, although they had small cleft secondary palates and a mildly hypoplastic craniofacial skeleton (data not shown). In embryos harboring the Wnt1-Cre transgene, Cre is expressed starting at E8.5, and its expression is exclusively limited to the dorsal midline of the central nervous system (16 (Fig. 1C) . In situ hybridization of E9.5 and E13.5 showed a complete absence of Sox9 RNA in the neural crest and the frontonasal regions, respectively, indicating that inactivation of Sox9 was complete ( Fig. 1D ; see also Fig. 3B ). Sox9 protein was not detectable in the frontonasal regions of E13.5 mutants either (see Fig. 3B ).
Complete Absence of Endochondral Craniofacial Skeletal Elements
Derived from CNC in the Sox9 flox/flox ; Wnt1-Cre Mutant Mice. The Sox9 conditional null mutants resulting from expression of the Wnt1-Cre transgene, which were recovered with the expected Mendelian frequency, died in the immediate postnatal period from respiratory distress because of a large cleft secondary palate. Newborn mutants exhibited obvious craniofacial deformities characterized by a domed skull, a short snout, and short mandibles. In contrast, no abnormalities were observed in the trunk and the limbs ( Fig. 1 A  and B) .
Analysis of the cranial base of skeletal preparations of E18.5 mutants showed that all of the cartilages and endochondral bones in the prechordal region, such as basisphenoid and presphenoid, were missing. However, no elements of the caudal part of the skull base, including basioccipital, exooccipital, and supraoccipital, were affected. Among the first branchial arch-derived skeletal elements of the mutants, the intramembranous bones, such as the maxilla, premaxilla, zygomatic bone, squamous portion of the temporal bone, pterygoid, nasal, lacrimal, and tympanic bones, were conserved. In contrast, the endochondral bones and cartilages, such as malleus and incus, and the nasal capsule were totally absent ( Fig.  2 A-D, K, and L). In the mutants, Meckel's cartilage was also totally absent, and the mandibles were much smaller than those of the WT embryos ( Fig. 2 E-H) . All of the skeletal elements derived from the second and third branchial arches, such as the stapes, the lesser horns, and the body of the hyoid, and the styloid process were missing in the mutant embryos. Among the laryngeal cartilages, the thyroid cartilage was deleted, whereas the elements derived from more caudal branchial arches, including the arytenoid, the cricoid, and the tracheal rings, were conserved, indicating that CNC cells are the dominant contributors to the first four branchial arches, but not to more caudal branchial arches ( Fig. 2 I and J) .
Histological analysis showed no difference in the size of the branchial arches between WT and mutant embryos at E12.5 (Fig.  3A) . In E13.5 WT embryos, the chondrogenic condensed mesenchymal cells differentiated into chondrocytes and formed Meckel's cartilage, nasal cartilage, and the cartilages of the skull base (Fig. 3) . In E15.5 embryos, Meckel's cartilage develops and bone formation takes place in the mandible and the skull base. In contrast, in E13.5 mutant embryos, no discernible chondrogenic mesenchymal condensations were seen, and Meckel's cartilage, nasal cartilage, and bones in the precordal part of the skull base were not detectable (see Figs. 3A and 5A). Furthermore, in E15.5 mutant embryos the views of the mandibles showed that, in the mutants, the morphology was conserved, but they were smaller than those in WT embryos. The hyoid bone, the laryngeal cartilages (I and J), the otic capsules, and middle ear elements (K and L) were dissected out. nc, nasal capsule; n, nasal; f, frontal; p, parietal; ip, interparietal; s, supraoccipital; e, exooccipital; o, otic capsule; md, mandible; x, maxilla; px, premaxilla; bs, basisphenoid; bo, basioccipital; ps, presphenoid; mc, Meckel's cartilage; tr, tympanic ring; hy, hyoid body; th, thyroid cartilage; cr, cricoid; st, styloid process. mandible and maxilla, which are formed by intramembranous ossification, showed bone trabeculae comparable with those of WT embryos (see Fig. 5B ).
To characterize the complete defect in CNC-derived endochondral bone formation in the mutant embryos, we analyzed the expression of Col2A1, an early marker of chondrogenic cells, by in situ hybridization. In E13.5 WT embryos, Col2a1 is expressed in the skull base, nasal region, and Meckel's cartilage. In the mutant embryos, expression of Col2a1 was essentially abolished in these regions (Fig. 3B) . Thus we concluded that no chondrocytes were present in the regions of the mutant embryos where endochondral bone formation derived from CNC cells occurs in WT embryos.
Sox9-Null CNC Cells Migrate Normally to Their Target Locations and
Survive in These Regions. CNC cells migrate along specific pathways to the branchial arches, where they differentiate to give rise to craniofacial bones and cartilages (5, 16, 21) . To determine whether the craniofacial skeletal defects in Sox9 mutants could result from aberrant migration of CNC cells into their targets, expression of Ap2, which encodes a transcription factor essential for survival of migratory CNC cells (19, 22, 23) , was analyzed by whole-mount in situ hybridization (Fig. 4A) . In E9.5 Sox9 conditional null mutant embryos, expression of Ap2 was detectable in streaks extending from the rhombomeres to the branchial arches and frontonasal mass, and was comparable with that of WT embryos. (Fig. 4B) . In heterozygous embryos, expression of lacZ reproduced expression of Sox9. Thus the lacZ sequence present in the Sox9͞lacZ allele enabled the visualization of Sox9 expression by 5-bromo-4-chloro-3-indolyl ␤-D-galactoside (X-Gal) staining (15) . In E12.5 chimeras, the overall pattern of lacZ expression of Sox9-null mutant cells was comparable with that of heterozygous Sox9 mutant cells. Our results indicated that Sox9-null mutant CNC cells migrated to their normal craniofacial target regions.
The severe malformations and the arrest of outgrowth in craniofacial development of the mutant embryos could have been caused by apoptosis within the population of migratory CNC cells. To test this hypothesis, we performed a terminal deoxynucleotidyltransferase-mediated dUTP nick end-labeling assay (TUNEL). No apoptotic cells were detected in the branchial arches or the skull base of E13.5 mutant or WT embryos (data not shown). In E15.5 mutant embryos, only a few apoptotic cells appeared in the areas where condensed mesenchymal cells differentiate and form cartilages in WT embryos (data not shown). This result suggests that most of the Sox9-null mutant CNC cells survived after migration.
Ectopic Expression of Osteoblast Markers in the Sox9 flox/flox ; Wnt1-Cre
Mutant Embryos. We asked whether the Sox9-null mutant CNC cells had adopted a different cell fate, given that endochondral bone formation derived from CNC cells was completely missing in the Sox9 flox/flox ; Wnt1-Cre mutant embryos, even though Sox9-null mutant CNC cells were present and specified. In the nasal region of WT embryos, well-differentiated cartilages but not mineralized bones were seen, whereas no cartilages were detectable in this region in the mutant embryos (Fig. 5 A and B) . In situ hybridization analysis showed that in the nasal regions of E15.5 WT embryos, Runx2 and Col1a1, early markers of osteoblast differentiation, were expressed in the perichondrium of the cartilage primordia of the nasal turbinate. In WT embryos, Osterix (Osx), which encodes a transcription factor specifically expressed in osteoblast (20) , was expressed only in the vomer and the ossification centers within the maxilla; both of these skeletal elements are intramembranous bones derived from CNC cells. In contrast, the expression domains of Runx2 and Col1a1 in the mutant embryos were expanded and much wider than those in WT embryos. Furthermore, expression of Osx was detectable in locations of the nasal turbinate that are cartilaginous in WT embryos (Fig. 5 C-F) . Because Sox9-null cells in chimeras migrated in the nasal areas that were positive for Runx2, Osx, and Col1a1, these results strongly suggest that Sox9-null mutant CNC cells, which could not differentiate into chondrocytes, acquired a cell fate characterized by the expression of a series of genes that are typical of osteoblasts. rhombomeres into the branchial arches give rise to the craniofacial skeleton (16) . In mouse embryo chimeras derived from Sox9-null ES cells, mutant cells were excluded from mesenchymal condensations and did not express chondrocyte-specific markers, such as Col2a1, Col11a2, and Aggrecan (15) . Furthermore, inactivation of Sox9 in mouse limb buds before the onset of chondrogenic mesenchymal condensations by using the Cre͞loxP recombination system resulted in a complete absence of mesenchymal condensations and subsequent cartilage and bone formation in the mutant limb buds. In these mutant limb buds, expression of Sox5 and Sox6, which are needed for overt chondrocyte differentiation (24) , and that of Runx2, which is needed for osteoblast differentiation (25, 26) , were abolished. Thus during limb endochondral bone formation in vivo, Sox9 is required for both chondrogenesis and osteogenesis (11, 15) . During the establishment of CNC cells, expression of Sox9 is first detected in the lateral edges of the neural tube in E8.0 embryos, is down-regulated in migratory CNC cells, and becomes up-regulated again, first in branchial arches and later in chondrogenic condensed mesenchymal cells and chondrocytes (9, 10) .
Discussion
To further understand the role of Sox9 in CNC cells, we inactivated the Sox9 gene in Wnt1-expressing CNC cells, which include all precursors of the craniofacial skeleton (16) . The Wnt1 promoter that was used in these experiments is active specifically in the neural plate, in the dorsal neural tube, and in the early migratory neural crest population (16, 27) . Expression of Wnt1 is extinguished as the crest cells migrate away from the neural tube, and Wnt1 is not expressed at any other time or at any other place except in the midbrain. Taking advantage of the tissue and developmental stagespecific expression of the Wnt1 gene, Sox9 can be deleted in CNC cells before or at the onset of migration.
Inactivation of Sox9 in these cells resulted in a complete deletion of CNC-derived endochondral bones and cartilages. The absence of Sox9 in CNC did not affect any intramembranous bone formation. The complete lack of these endochondral bones and cartilages was attributable to the failure of mesenchymal condensations and cell differentiation of postmigrating CNC cells into chondrocytes and osteoblasts. Indeed, based on the pattern of expression of Ap2, the mutant CNC cells migrated normally into branchial arches and the frontonasal mass. Furthermore, in chimeras derived from Sox9-null ES cells, Sox9-null mutant cells were present in the cellular locations where endochondral bone formation takes place in the WT embryos.
Cell-fate mapping of CNC-derived craniofacial skeletal elements has been well described. However, there are still conflicting views as to the origin of some skeletal components (28) . Taking (29) . In the Sox9 flox/flox ; Wnt1-Cre mutant embryos, Meckel's cartilage was entirely missing. In addition, the Wnt1 promoter is not expressed in the VENT cells. Furthermore, a recent study using morpholino antisense oligonucleotides showed that depletion of Sox9 protein in developing Xenopus embryos caused a complete loss of Meckel's cartilage (30) . These results provide evidence that CNC cells have an essential role in the specification of the cells of Meckel's cartilage.
It has been proposed that the fourth and sixth arches originate from the lateral plate mesoderm (31) . However, a recent study that examined the fate of LacZ-positive cells in embryos harboring both the Wnt1-Cre transgene and the Rosa26 reporter allele showed that mesenchymal cells in the fourth and sixth arches were derived from the neural crest (32, 33) . In our mutant embryos, the fourth arch thyroid cartilage was entirely absent, strongly suggesting that it originates from CNC cells. In contrast, the cricoid cartilage, which is derived from the sixth arch, was present in the mutant, suggesting that it is not derived from the neural crest.
Sox9 Is Needed for the Specification of Both the Chondrocyte and
Osteoblast Lineages in CNC-Derived Endochondral Bones. Previous fate-mapping and trace-cell-mapping studies suggested that the neural crest cells are preprogrammed before their migration to form specific embryonic structures and are unable to alter their cell fate (3, 34) . However, recent studies argue against this fixed cell autonomy model and have provided evidence that CNC cells are plastic and are capable of respecification in response to distinct environmental signals (35) . Neural crest cells are multipotent stem cells that give rise to various cell lineages. A number of signaling molecules, including Wnts, transforming growth factor-␤, and Notch, promote the specification of particular cell fates in neural crest cells (36) (37) (38) (39) (40) . Other experiments have shown that osteoblastic cells from embryonic calvarial bones have the potential to differentiate into chondrocytes in vitro (41) (42) (43) , suggesting that there are bipotential progenitor cells in these tissues derived from CNC cells, and that there is a degree of plasticity in the cell fate determination of these cells.
However, the genetic pathways controlling the specification of osteoblast and chondrocyte lineages from CNC cells remain unknown. Recent gene targeting studies revealed that Msx1; Msx2 double-knockout mice completely lack calvarial ossification, whereas the chondrocranium forms normally (44) . Thus it is possible that Msx1 and Msx2 are involved in the specification of the osteoblast lineage, at least in some CNC cells. Msx2 and Sox9 are coexpressed in early migrating CNC cells, and Msx2 was shown to inhibit the chondrogenic differentiation of these cells (45) . In addition, we have recently reported that Osx, a zinc fingercontaining transcription factor specifically expressed in all developing bones, is required for osteoblast differentiation (20) . In Osx-null mice, in which no bone formation occurs, Osx mutant CNC cells migrate normally into intramembranous and endochondral skeletal elements; but these cells, which are blocked from differentiating into osteoblasts, express chondrocyte marker genes, including Sox9, Sox5, and Col2a1. The implication of these observations is that intrinsic genetic pathways involved in the specification of the osteoblast lineage inhibit the specification of the chondrocyte lineage in CNC cells. In the present study, we showed that inactivation of Sox9 in CNC cells resulted in a complete defect of CNC-derived endochondral bone formation, but that intramembranous bones formed normally. In addition, our experiments strongly suggest that Sox9-null CNC-derived cells, which were blocked from differentiating into chondrocytes, expressed instead osteoblast marker genes, including Runx2, Osx, and Col1a1, suggesting that Sox9-null CNC derived-cells were respecified into an osteoblast lineage.
Although Sox9 is required in CNC cells for both the chondrocyte and osteoblast lineages destined for endochondral bone formation, it is not needed for cells of the osteoblast lineage in intramembranous skeletal elements derived from the neural crest. But the cells of the osteoblast lineage that are destined for intramembranous bone formation also have the potential to become chondrocytes when Sox9 is present (20) .
Overall, our previous (20) and our present experiments provide evidence supporting the hypothesis that CNC cells contain common precursor cells with the potential to differentiate into either osteoblasts or chondrocytes during both endochondral and intramembranous bone formation. Sox9 is needed for the specification of an osteochondroprogenitor of both the chondrocyte and osteoblast lineages in endochondral bone formation. We speculate that, in chondrocyte precursor cells, Sox9 is a negative regulator of Runx2 and Osx and thus prevents these cells from choosing an osteoblast lineage.
